The objective of the presented study is to investigate in vitro effects of low energy extracorporeal shockwave therapy (ESWT) on the keratinocytes and their metabolic and proliferative properties for their therapeutic applications.
Introduction
Modern wound dressings engineered to promote wound healing often contain living cells [1, 2] . Various cell types such as adipocytes, fibroblasts, mesenchymal stem cells, and keratinocytes have been successfully used in wound healing. Keratinocytes have been used in the form of spray in preclinical animal study as well as in clinical trial for severe burns [3] [4] [5] . In the animal study directly comparing cryopreserved allogenic keratinocytes and cadaver full thickness skin grafts, authors reported faster epithelialisation in the keratinocytetreated group, with no difference in comparison with full thickness grafts by the end of the study [6, 7] . These reports provide a rationale for the further investigation of keratinocytes in wound healing, as well as need for development of cultivating protocols that will decrease culturing time. Augmenting proliferation capacity of the isolated, allogenic keratinocytes will allow clinicians and researchers to produce a sufficient number of viable keratinocytesin a short period of time for their use in wounded patients [7] . Mechanotransduction is a wellknown phenomenon of cellular responses to the physical forces such as sheer stress or stretching both in vivo and in vitro [8] [9] [10] . Keratinocytes, cells on the surface of the skin, are constantly exposed to various mechanical stimuli. In vitro keratinocytes respond to the different mechanical stimuli by changes in ERK1/2 pathway and activation of Akt pathway [11] . Sheer stress has anti-apoptotic effects in cultured keratinocytes [12] .
Extracorporeal shockwave therapy (ESWT) initially developed as a treatment for disintegration of kidney stones, swiftly expanded from applications in urology to orthopaedic, to soft tissue implications [13] [14] [15] . Shockwaves are sonic pulses characterized by a high peak pressure (500mbar) short life cycle (10ms), fast pressure rise (<10ns), broad frequency spectrum (Hz) and the generation of stress forces upon interaction with interface [14] . Energy Flux Density (EFD [mJ/ mm 2 ]) is the most commonly used parameter to describe shockwaves and represents the energy that flows through the area perpendicular to the shockwave propagation. Along with their applications in clinics, ESWT was applied in animal models of soft tissue injuries, burns [16] [17] [18] , ischemic isografts [19, 20] , incisional wounds, and models of compromised wound healing such as diabetic wounds [21] . Investigations of mechanisms of action for the beneficial effects of ESWT led to reports of application of ESWT in vitro [22] [23] [24] [25] [26] [27] . These studies indeed contributed toward improved understanding of biological effects of ESWT. However, they opened a new application for the use of ESWT in tissue engineering as they demonstrated augmented proliferation of treated cells, increase in cell membrane permeability and changes in cell culture secretome.
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The objective of presented study was to determine the response of the cultured adult human keratinocytes after several doses of ESWT. We sought to evaluate effects of ESWT on metabolic activity and cytotoxicity of cultured human keratinocytes. Of particular interest was to investigate whether a reduction in the cultivation time of keratinocytes could be achieved through the application of extracorporeal shockwaves.
Materials and Methods
Keratinocyte isolation and cultivation
Human split-skin biopsies prepared for the experiments were obtained from routine plastic surgical interventions carried out at the Centre for Serious Burns & Plastic Surgery, Emergency Hospital Berlin after approval by the Berlin Ethics Committee and after procurement of informed consent from the patients.
Prior to the isolation of keratinocytes from human split-skin biopsies, to ensure sterility, each split-skin biopsy was subjected to five successive washes (3 x washing in 50 ml DMEM / Hams F12 (1:1) + 1 ml gentamicin and 2 x washing in 50 ml PBS + 1 ml gentamicin) to remove any adherent bacteria. Epidermis and dermis were then separated using Dispase II ® (Roche Diagnostics, GmbH; 2.5 U / ml). Using a trypsin / EDTA solution (Biochrom AG), the keratinocytes were then separated from the other epidermal cells in the cell complex. Cultivation and passaging of keratinocytes was done according to published protocol [28] . When confluent monolayer was achieved ESWT were applied in predetermined treatment parameters or left untreated in control flasks.
Shockwave device and ESWT treatment
The OrthoWave 180c® ESWT generator (MTS Europe GmbH) was used for all conducted experiments with a constantly set energy flux density (EFD) of 0.1mJ/mm 2 ("low energy", energy level 5). Shockwaves were produced using the general CP 155 parabolic reflector. Energy of the shockwaves decreases with the distance from the ESWT applicator. The individual energy flux densities for the series of distances from 40 mm to 70 mm from the applicator were calculated and measured (data not presented). For the starting EFD=0.1 mJ/mm 2 on the experimental position of the flasks at 50, 60 and 70 mm from the applicator, respective actual EFD of 0.04, 0.025 and 0.015 mJ/mm 2 were determined. All the ESWT exposure was conducted in the modified heated water bath at constant temperature of 37 ° C filled with 2.500ml preheated water [28, 29] .
Experimental groups were generated by combining predetermined experimental parameters: 1)number of shockwave impulses (n= 25, 50, 100, 300 and 600), 2) frequency (1, 3, 5 Hz) and 3) distance from the cell culture flasks to the applicator (5, 6, 7 cm). After shockwave treatment, the excess medium in the cell culture flasks was discarded and the keratinocytes were then cultured further under standard conditions. The individually tested distances with the various impulse numbers and frequencies were summarised to experimental series. All the experiments were carried out in triplicates.
Cell morphology
Cell morphology was evaluated using light microscopy. Images of the cell monolayers were obtained using a Zeiss AG, Olympus AG, (Leica Microsystems GmbH) inverted microscope and documented by photography using the Axioskop 2 Plus (Carl Zeiss Jena GmbH) on 10x magnification. Image analysis was performed using Image J software.
Quantitative assays: Studies of the cell viability, toxicity and activity
Viability: The cell concentration was determined microscopically by counting the number of cells in a defined volume within the Neubauer counting chamber. Viable and apoptotic cells were counted using trypan blue (Biochrom AG) and cell viability/apoptosis was presented as total number of cells.
Cytotoxicity: Cytotoxicity was determined using LDH activity assay, ("Cytotoxicity Detection Kit" of Roche Diagnostics GmbH) on a microplate reader per the manufacturer's instructions. Briefly, to determine the extracellular LDH activity, the culture supernatants were taken from the cell culture flasks in defined time intervals. The measurement was performed in a 96-well plate at 450/690 nm in triplicates.
Metabolic activity:
Metabolic effects of the ESWT in each experimental group were quantitatively determined through the measurement of glucose content in the individual flask supernatants using Glucose HK Gen. 3 (GLUC3) kit (Roche Diagnostics GmbH) according to the manufacturer's instructions. To quantitatively determine lactate released in the keratinocyte culture supernatants, we used enzymatic colorimetric assay, Lactate Gen.2 (Roche Diagnostics GmbH) according to manufacturer's instructions.
Statistical analysis
The analysis of all raw data was performed using the program MS-Excel 2003. For statistical analysis the Student's t-test (two-sample, twosided distribution) and F-test for analysis of variance were used. The significance level of p <0.05 was considered significant.
Results
Cell morphology
Perforations in keratinocyte monolayer with hanging remnants of cell complexes as well as altered configurations of keratinocytes within the cell complexes could be observed after application of high number of impulses. Treatment with 300 and 600 impulses at all distances and frequencies caused severe disruptions in the cell monolayer and were excluded from further discussions.
For the same number of impulses, increasing distance from the cell culture flasks to the ESWT applicator, the size of the holes formed within the cellular complexes was reduced so that the largest area perforations were observed in the experiments carried out at a shockwave distance of 5 cm. For the same distance, 5cm from the applicator, increasing impulse number and increasing frequency lead to increase in the diameters of the perforations formed within the cellular layer. The perforations were initially only microscopically visible with impulse counts of up to 100 and a frequency of 3 Hz. In experimental group receiving 100 impulses at 5 Hz, and all frequencies at 300 and 500 impulses, the perforations became macroscopically visible with (Figure 1 and 1A ).
When exposed to lower number of impulses (50 and 25 impulses) at any frequency and distance, no visible perforations were observed. Small perforations formed in the cell layer almost completely disappeared within the subsequent cultivation period of 7 days. The cell complex remnants on the outskirts of the perforation remained preserved and overlaid the newly formed adherent cell complex. Within the cell layer, in addition to perforation, an altered arrangement of keratinocytes within the cellular complex could be seen over the cultivation period, which near the flask rim were observed to be drifting wavy-like or compressed ( Figure 1B) .
Morphologically, the keratinocytes were seen to be both stretched and compressed. Over the subsequent cultivation period of 7 days post ESWT there were further morphological differences between the treated -ESWT group and untreated keratinocytes -control group (Figure 2 ). While the untreated keratinocytes were of similar size and shape within the cellular complexes, the keratinocytes in the ESWT cell culture flasks were heterogeneous in size and shape. In addition to a high proportion of small, rounded cells in the basal area of the flask as well as at the flask rims, there were also relatively large cells in the newly-formed overgrown perforation area. The cells had oval, central nuclei of uniform size with distinct nucleoli. Occasionally, mitoses were visible ( Table 1 ).
Cell viability
The absolute viable cell numbers after shockwave application with a 5 cm distance from the applicator head are shown in Figure 3A . For an application rate of 100 impulses per cell culture flask, higher absolute viable cell numbers were measured in comparison to the control group at all tested frequencies however, only treatment with 1Hz and 5Hz reached statistical significance with both methods for cell viability measurements (p<0.05). The maximum viable cell count determined in the LDH assay was reached after 100 shockwave impulses at a frequency of 1 Hz (27.25%, Figure 3B ). The second highest value was detected at 100 impulses and 5 Hz (17.09%), whereas the lowest was detected at 25 impulses and 1 Hz 20.39% less than in control group.
At the distance of 6cm from applicator head, differences in the absolute viable cell numbers could be seen with both methods and in Table 1 : Formation of perforations in the cell monolayer with no attached cells after applications of shockwaves ata distance of 5 cm from the ESWT applicator. Number of impulses dependent and frequency dependent increasein the size of perforation area was observed. The diameter was measured from the longest diagonal. treatments with different impulse numbers and frequencies. Differences in cell viability were both smaller and higher than in the control flasks ( Figure 3C ). Maximum detected viable cell count determined by LDH assay did not differ from control flasks ( Figure 3D ). Treatment settings of 25 impulses and 1 Hz had 26.1% lesser viable cells then control flasks. However, these differences failed to reach threshold for statistical significance. Figure 3E shows the mean absolute viable cell numbers after shockwave application with a distance of 7 cm from the applicator head. For the flasks receiving the same number of impulses, there was increasein number of viable cells with increase in frequency. However, as a whole, these results were marginally below the cell number values measured in the control group. Significant difference was seen between 25 impulses group with frequency 3 and 5Hz, and in group that received 50 impulses at frequency of 5Hzwhen compared to the control flasks and all the 100 impulses flasks ( Figure 3F ).
Keratinocyte metabolic activity before and after ESW
In the time period before application, all experimental groups showed similar metabolic activities. At day 3 after ESWT increase in metabolic activity has been observed in all groups. At the distance of 5 cm higher consumption rates could be detected compared to the control group both in the group with 50 impulses at 3 Hz and in the group with 100 impulses at 1 Hz ( Figure 4A, 4C and 4D ). Despite the obvious differences, these values failed to reach threshold for statistical significance (p>0.05). In the experimental flasks at distance of 6 and 7 cm from the applicator head, no metabolic effects have been observed when compared to controls. The lactate formation assay results showed similar trends ( Figure 4B and 4D ).
Cytotoxic effect of extracorporeal shockwaves on keratinocytes in vitro
The results of the cell damage seen with the various investigated distances were quite inconsistent. For all the conducted experiments cytotoxicity was measured between 0-5%. Even with these small differences some observations can be made: 1) highest cytotoxic effect had treatment with 25 impulses at 1 Hz and distance of 5 cm and 2) at distances 5 cm and 6 cm the highest LDH release was detected after 72 hours, whereas at 7 cm from the applicator head, the highest extracellular LDH activities were seen 15 minutes after ESWT ( Figures  5A-5C ).
Discussion
Effectiveness of the keratinocytes for the treatment of cutaneous wounds have been shown in the clinical settings as well as in animal models [3, 4, 6] . In order to continue investigations in this direction and develop allogenic keratinocytes for the clinical use, it is necessary to improve culturing protocols to promote proliferation without compromising keratinocytes capabilities to improve healing. The main objective of the presented study was to investigate effects of low energy ESWT on the keratinocyte culture in vitro. We used secondpassage subcultured keratinocytes, which are comparable to primary culture [30] , and did not change due to high number of passages [31] and we also avoided immortalized keratinocyte cell lines as they were unsuitable for the question we were addressing. We were able to show that ESWT has significant dose-and frequency-dependent effects on the keratinocytes, ranging from cytotoxic to proliferation-stimulating effects.
In a previously published study, we have used 100 pulses with an energy flux density 0.1 mJ/mm 2 and a frequency of 1 Hz at a distance of 5 cm and showed using Ki-67 staining significant induction of proliferation and using IHC, promotion of mature phenotype [28] . Other authors used range 100-400 impulses applied to prostate carcinoma cells [27] , 100 impulses for nerve cells [32] , 50-500 impulses for tenocytes [33] and 300 to 2000 impulses for fibroblasts [22] . For this study we therefore considered a range of 25-600 impulses to be appropriate, with an impulse number of 100 assumed as an optimum. Since only several publications on the effects of small impulse numbers are available, and taking into account that keratinocytes are generally considered sensitive, impulse numbers of 25 and 50 were included in the experimental setup. Groups receiving 300 and 600 impulses were examined to complete the total spectrum which has been analysed in studies conducted by others. Our results confirmed that from 500 impulses a significant reduction in the number of viable cells can be expected [23] . In our study, we have seen significant detachment of cells and large areas of the monolayer with no cells at dose of 300 impulses. Frequency of the application of the ESWT is of high importance for studying effects of shockwaves in vitro. Application of small number of impulses at higher frequencies has similar effects as application of a higher number of impulses at low frequency. This finding is in accordance with others [34, 35] . Importantly, in the different experimental setup, using strain pressure perturbation also showed frequency dependant gene expression changes in human embryotic keratinocytes [36] . Combined, these findings are strongly advocating for the close monitoring of the frequency of mechanical stimuli, as well as optimisation of the frequency for achieving desired biological effects.
Our study had some limitations. Firstly, we have not investigated viability of the detached cells. In our study, first gaps in monolayer were observed in dose of 100 impulses applied at 5Hz, and prominent sizes with doses 300 and 600 impulses. Objective of presented study was to determine the most suitable treatment for the augmentation of keratinocyte proliferation, and as such, detached cells were of no interest. Other researchers investigated changes in membrane permeability after ESWT and showed that the free-floating cells still had an intact cell membrane, indicating that they were still viable and might even have been able to adhere once again [37] . Secondly, changes in cell membrane permeability can occur transiently without cells being killed, or permanently with cell structure disintegration [37] . Since detachment was observed in some experimental series (microscopical gaps with low number of impulses and large areas without cells in high number of impulses), it can be assumed that changes in permeability may have occurred, and that this could have effects on the cytotoxicity results (LDH release). Confirmatory counting of the viable cells was conducted in order to eliminate potential bias due to cell permeability. At doses beyond the macroscopically visible detachment threshold it can be reasoned that rupture of the cell membrane might have occurred.
Conclusion
Low-energy extracorporeal shockwaves have both a cytotoxic and stimulatory effect. These effects are dose-, energy flux density-number of applied impulses-and frequencies-, as well as distance, dependent. Proliferation-stimulating effect and a higher viable cell count are achieved at a distance of 5 cm with 100 impulses at 1 Hz and an energy flow density of 0.04 mJ/mm 2 and can be potentially used to promote keratinocyte proliferation in vitro. Further investigation of the ESWT effects with identified pro-proliferating effects on the keratinocytes proteomics and transcriptomics as well as their maturation are ongoing.
